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ABSTRACT: 
 
Zinc is an essential micronutrient. It plays a role in stabilizing transcription factors in order to maintain 
normal cellular function. When the concentration of zinc is not regulated within cells, pathological 
conditions such as cancers, gastrointestinal tract and skin disorders develop. Although dysregulation of 
cellular zinc results in several pathological conditions, the mechanism of zinc transport is not well-
understood.  Elucidating this mechanism may provide insight into treating diseases associated with 
improper zinc regulation. Human ZIP4 is a member of the ZIP family of proteins that holds a role in the 
intestinal absorption of zinc by increasing the cytosolic concentration of zinc inside of cells lining the 
gastrointestinal tract. When this protein is mutated, the disease acrodermatitis enteropathica (AE) can 
develop. In this project, the role of the intracellular loop between transmembrane domains 3 and 4 of 
hZIP4, M3M4, is explored in zinc binding. A fluorescence based assay is used to measure the zinc binding 
affinity of M3M4 to zinc following covalent labeling of M3M4 with diethylpyrocarbonate, maleimide, or 
N,-N’ dicyclohexylcarbodiimide. The binding affinity to zinc to targeted mutant constructs is examined 
and the structural changes of M3M4 in the presence and absence of zinc are explored. The results of 
these experiments reveal that M3M4 binds zinc with high affinity and histidine residues are responsible 
for zinc coordination. Binding of zinc to M3M4 is shown to result in a conformational change that may 
have a regulatory effect on zinc transport.  
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1 INTRODUCTION 
 
Zinc is the second most abundant bio-available transition metal and is essential for proper cell 
growth and development (Prasad, 2012). It plays a role in stabilizing more than 2,000 different 
transcription factors that regulate the expression of genes (Vallee BL, 1993). Zinc has recently been 
suggested to play a role as a second messenger (Haase H, 2008, Kabu K, 2006, Kitamura H 2006, Vallee 
BL, 1993, Yamasaki S, 2007). When zinc is deficient in the human body, several abnormal conditions may 
develop such as chronic liver and renal disease, sickle cell disease, growth retardation, malignancies, 
diarrhea, and skin lesions (Brown KH, 2002, Maverakis E, 2007, Prasad AS, 2012). Excessively high 
intracellular zinc concentrations have been accompanied by apoptotic death of cells (Markov, 1992). 
Therefore, the transport of zinc into and out of the cell is essential to sustain normal cellular function.  
 
1.1. Zn 2+ Transporters 
 
The transport of zinc across cellular membranes is mediated by zinc transport proteins. Two 
solute linked carrier gene families of zinc transporting proteins play an important role in maintaining 
zinc homeostasis. The ZIP (Zrt, Irt like) family of zinc transporters functions to increase the cytosolic 
concentration of zinc, while the ZnT family of transporters decreases the cytosolic concentration of zinc 
(Antala, 2012).  
The ZnT transport proteins are members of the SLC30 family of membrane transporters (Hediger 
M.A., 2004, Palmiter R.D., 2004). The zinc transport mechanism and structure of the ZnT efflux 
transporters have been inferred through crystallization of the Escherichia coli ZnT homologue, YiiP (Lu 
M. C., 2009). ZnT proteins are six transmembrane domain proteins that form homodimers and bind zinc 
at two conserved coordination sites within the transmembrane domains and at a binuclear zinc binding 
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site at the cytoplasmic C-termini (Lu M., 2007,2009). Based on the sequence similarity between ZnT and 
YiiP transporters and the structural studies on YiiP, ZnT proteins are predicted to bind zinc at two 
conserved histidine and aspartic acid residues (Lu M., 2007, 2009). Homologues of ZnT transporters 
function as antiporters and exchange intracellular zinc with extracellular potassium and protons 
(Guffanti, 2002). 
The ZIP proteins are members of the solute carrier SLC39 family of membrane transport 
proteins. The mechanism of ion translocation for ZIP proteins is unknown. The ZIP family was named 
after two classes of zinc importers: Zrt (Zinc regulated) and Irt (Iron regulated) transporter proteins. Zrt 
proteins were the first zinc importer proteins that were identified.  Two of these importers were initially 
discovered in the organism Saccharomyces cerevisiae and were named Zrt1 and Zrt2 (Zhao H, 1996a, 
1996b). Both Zrt1 and Zrt2 have eight transmembrane domains which include a large soluble domain 
between transmembrane domains three and four. The soluble domains of these two proteins contain 
three histidine residues which are known to be involved in the coordination of zinc (Zhao H, 1996a, 
1996b). Interestingly, Zrt1 transports zinc with high affinity, while Zrt2 transports zinc with a low affinity 
(Zhao H, 1996a, 1996b). It is likely that Zrt1 and Zrt2 import zinc with different affinities in order to 
regulate nutrient influx. During periods of time when the extracellular zinc concentration is low, the Zrt1 
high affinity importer is able to transport zinc more efficiently than Zrt2. In this way, the intracellular 
zinc concentration can be regulated even in environments lacking an abundance of zinc (Eide D.J., 2012, 
Raimunda D., 2011). The other founding member of the ZIP family, Irt1, is a metal ion transporter that 
was first discovered in Arabidopsis thaliana (Connolly, 2002). This protein has been shown to be 
responsible for uptake of iron, cadmium, and zinc (Connolly, 2002). Remarkably, the expression of Irt1 is 
controlled by two distinct mechanisms which allow the cell to regulate metal ion transport even with 
changing environmental conditions (Connolly, 2002).  
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In humans, the ZIP family of zinc transporter proteins exhibits tissue specific expression and 
consists of fourteen proteins that can be further categorized into four subfamilies: LIV-1, ZIPII, gufA, and 
ZIPI (Eide, 2004). The LIV-1 subfamily of ZIP proteins are expressed in small intestine, stomach, colon, 
kidney, and pancreas (Dufner-Beattie J. W., 2003). ZIPII transport proteins are expressed in the uterine, 
prostate, and epithelial cells (Cao J, 2001, Gaither LA, 2000). The gufA and ZIPI subfamilies consist of one 
member each, ZIP11 and ZIP9, respectively. The ZIPI subfamily is expressed in the prostate while the 
gufA subfamily is expressed in mammary glands (Kelleher S, 2012, Wang L, 2008). Table 1 summarizes 
the tissue specific expression of each member of the ZIP family. While patterns in tissue expression have 
been elucidated in ZIP proteins, mechanistic details involving metal ion transport have not been 
thoroughly studied.  
1.2. Conserved Residues in hZIP4 
 
The human ZIP4 (hZIP4) is a zinc importer that is a member of the LIV-1 subfamily and is 
expressed in the main location of zinc uptake, the intestine (Antala, 2012). Mutations in hZIP4 have 
previously been reported to be responsible for acrodermatitis enteropathica (AE) (Antala, 2012). AE is a 
lethal, autosomal recessive, zinc deficiency disease that results in growth retardation, diarrhea, immune 
system suppression and neurological disorders when left untreated (Antala, 2012). AE is also associated 
with progression in formation of pancreatic malignancies (Antala, 2012).   
hZIP4 is an eight transmembrane domain protein with extracellular N and C termini and a large 
intracellular soluble domain between transmembrane domains three and four (Figure 1A). The cytosolic 
domain in hZIP4, M3M4, has previously been shown by a graduate student in our group to bind Zn2+ 
(Nguyen, 2011). Several histidine, cysteine, glutamic acid, and aspartic acid residues are well conserved 
in hZIP4 across ZIP4 proteins from several species (Antala, 2012). Figure 1B highlights conserved 
residues within M3M4 in ZIP4 proteins across 18 different species which could coordinate transition 
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metals. Investigating the binding of zinc to the residues in M3M4 that are conserved throughout the ZIP 
family may provide insight into the elucidation of the zinc transport mechanism.  
Table 1- Tissue Distribution of ZIP members in humans 
Protein Subfamily Location of Protein 
Expression 
Function/ Regulation 
ZIP1 ZIPII Small intestine, 
prostate, kidneys (Cao J, 
2001, Gaither LA, 2000) 
Zinc uptake (Franklin, 2003) 
ZIP2 ZIPII Prostate, ovaries, liver 
(Cao J, 2001, Gaither LA, 2000) 
Zinc uptake regulated 
by bicarbonate (Gaither, 
2000) 
ZIP3 ZIPII Testes, pancreas (Cao J, 
2001, Gaither LA, 2000) 
Zinc reuptake (Kelleher S. L.-
B., 2009) 
ZIP4 LIV-1 Small intestine, 
stomach, colon, 
pancreas (Dufner-Beattie J. W., 
2003) 
Zinc influx regulated by 
zinc concentration 
(Andrews, 2008) 
ZIP5 LIV-1 Liver, spleen, colon 
(Dufner-Beattie J. W., 2003) 
Removes zinc from 
blood when zinc is 
deficient (Dufner-Beattie, 2004, 
Weaver, 2007) 
ZIP6 LIV-1 Testes (Dufner-Beattie J. W., 
2003) 
Expression is stimulated 
by estrogen (Taylor, 2003) 
ZIP7 LIV-1 Brain, liver (Dufner-Beattie J. 
W., 2003) 
Transports zinc into 
cytosol (Hogstrand, 2009) 
ZIP8 LIV-1 Pancreas, placenta, lung 
(Dufner-Beattie J. W., 2003)  
--- 
ZIP9 ZIPI Prostate (Kelleher, 2012, Wang, 
2008) 
--- 
ZIP10 LIV-1 Testes (Dufner-Beattie J. W., 
2003) 
--- 
ZIP11 gufA Mammary gland (Kelleher, 
2012, Wang, 2008) 
--- 
ZIP12 LIV-1 Lung, brain, testes (Dufner-
Beattie J. W., 2003) 
--- 
ZIP13 LIV-1 --- --- 
ZIP14 LIV-1 Liver, placenta, brain 
(Dufner-Beattie J. W., 2003) 
--- 
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 Figure 1- Conserved residues in M3M4: A) a schematic 
diagram of hZIP4 emphasizing the residues in M3M4 
conserved across ZIP4 proteins from several species  B) 
MUSCLE amino acid alignment across 18 different 
species reveals conserved residues (highlighted) in 
M3M4 
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1.3. Exploration of M3M4 
 
Upon zinc binding, we hypothesized that M3M4 undergoes a conformational change. 
Conformational change of this intracellular loop may possibly be involved in regulation of zinc transport. 
Interestingly, when the intracellular zinc concentration is high, hZIP4 is ubiquitinated and proteolytically 
degraded (Mao, 2007). It is likely that a high intracellular zinc concentration could cause a 
conformational change in M3M4 and expose hZIP4 for ubiquitination.  The ubiquitination of hZIP4 may 
be a key event in regulating zinc transport during changes in cellular environment. Identifying the 
functional role that the intracellular loop, M3M4, has in zinc transport may provide a better 
understanding of the regulatory mechanism utilized in zinc homeostasis. In order to investigate the 
functional role of M3M4, this project aims to identify the residues within M3M4 that coordinate zinc.  
 
1.4. Intrinsically Disordered Proteins 
 
 
Intrinsically Disordered Proteins (IDPs) are composed of mostly random coil structure and can be 
experimentally identified due to a weaker hydrophobic association with sodium dodecyl sulfate (SDS) 
during gel electrophoresis (Tompa, 2002).  IDPs, while having almost no high order structure, have 
important functions within the cell such as scavenging for molecules and functioning in signal 
transduction pathways (Tompa, 2002). Domains like M3M4 that bind specific molecules such as zinc, 
may function inside of the cell as scavenging domains (Tompa, 2002). These domains hold a key role in 
sensing the presence of important molecules and may hold regulatory roles. This project will also 
explore the structural nature of M3M4 and the conformation of M3M4 before and after zinc binding.  
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2 Materials and Methods 
2.1 Reagents 
 
Isopropyl β-D-1-thiogalactopyranoside and zinc chloride were obtained from Sigma-Aldrich Corp (St. 
Louis, MO). Strep-tactin Superflow affinity resin was purchased from IBA technologies (Olivette, MO). 
Pfu polymerase was obtained from Agilent Technologies (Mendon, MA). Proteomics grade glycerol was 
obtained from VWR (Philadelphia, PA). Fluozin-3 was purchased from Life Technologies (Woburn, MA). 
Diethylpyrocarbonate was retrieved from Amresco, Inc. (Solon, Ohio).  Maleimide, 2,2′:6′,2′′-Terpyridine, 
and N,N'-dicyclohexylcarbodiimide were obtained from Alfa Aesar, Inc. (Ward Hill, MA). All other 
reagents were analytical grade.  
 
 
2.2 M3M4 Expression and Purification  
The DNA fragment encoding M3M4, a C-terminal Streptavidin tag, and an ampicillin resistance gene 
were previously cloned into the pPR-IBA1 expression plasmid (Nguyen, 2011). The M3M4 plasmid 
constructs (100 ng) were transformed into E. coli BL21(DE3) pLysS 1240 chemically competent cells by 
heat shock followed by recovery in 500 µl SOC media for 1 hour and inoculation into 50 mL LB media 
with 100 µg/ml ampicillin, 50 µg/ml spectinomycin, 34 µg/ml chloramphenicol and incubated for 14-18 
hours at 37 ºC with shaking at 200 rpm. The over-night culture (50 mL) was then expanded into 1 L of 
Terrific Broth media consisting of 12 g tryptone, 24 g yeast extract, 4 ml glycerol, 1.7 M KH2PO4, and 0.72 
M K2HPO4 with 100 µg/ml ampicillin, 50 µg/ml spectinomycin, and 34 µg/ml chloramphenicol. Cells were 
induced with 0.1 mM isopropyl β-D-1-thiogalactopyranoside at O.D. (600 nm) 0.6-0.9 and grown for 20 
hours at 18 C with shaking at 200 rpm. Cells were harvested, resuspended in lysis buffer (20 mM 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) pH 8.0, 1 mM ethylenediaminetetraacetic acid 
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(EDTA), 1 mM phenylmethanesulfonyl fluoride (PMSF), 0.05% n-Dodecyl β-D-maltoside (DDM), and 150 
mM NaCl) and lysed by sonication. The soluble fraction was isolated by centrifugation at 208,429 RCF 
and loaded by gravity onto a Strep-tactin affinity chromatography column (1 mL). The column was 
washed with 20 mM HEPES pH 8.0 and 150 mM NaCl and M3M4 protein was eluted with 20 mM HEPES 
pH 8.0, 2.5 mM desthiobiotin, 150 mM NaCl, and 10% glycerol. Eluted protein was labeled with 10 mM 
diethylpyrocarbonate (DEPC), 1 mM maleimide, or 500 µM N,N'-dicyclohexylcarbodiimide (DCCD) by 
agitating at 4 C for 30 min. Protein preps were then dialyzed into 20 mM HEPES pH 7.0, 135 mM NaCl, 
and 20% glycerol. 
 
 
 
 
2.3 Stabilization of M3M4 
 
Stability tests were conducted using a Zetasizer Nano ZS Dynamic Light Scattering instrument. Size 
distribution of molecules was recorded for samples of 50 µl of purified M3M4 under various conditions. 
The conditions used were 20 mM HEPES pH 7.0 and 0.05% DDM, 0.005% DDM, 0.5% 3-[(3-
Cholamidopropyl)dimethylammonio]-1- propanesulfonate (CHAPS), 0.05% CHAPS, 150 mM NaCl, 300 
mM NaCl, 0.125 M (tris(2-carboxyethyl)phosphine) (TCEP), 40 µM ZnCl2, 0.5 M Arginine, 2% glycerol, or 
20% glycerol.  
 
2.4 Protein and Zn2+ Quantification 
 
Zinc quantification was performed by titration of 10 µM ZnCl2 with 2,2′:6′,2′′-Terpyridine and 
measurement of absorbance at 335 nm using a NanoDrop 2000c spectrophotometer (Burdette, 2001). 
At saturation Zn2+ binds to 2,2′:6′,2′′-Terpyridine with a 1:2 stoichiometry (Burdette, 2001). Buffer 
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consisting of 20 mM HEPES pH 7.0, 135 mM NaCl and 20% glycerol was incubated with pre-washed 
chelex-100 resin for 24 hours prior to use to remove divalent cations from the buffer. Protein purity and 
concentration was determined by SDS-PAGE analysis and BCA assay.  
 
 
2.5 Fluorescence Assay  
 
A Hitachi F4500 fluorescence spectrophotometer was used to measure fluorescence of samples 
containing purified M3M4 in 1 µM ZnCl2, 1 µM Fluozin-3, 20 mM HEPES pH 7.0, 20% glycerol, 135 mM 
NaCl. Buffer consisting of 20 mM HEPES pH 7.0 135 mM NaCl 20% glycerol was incubated with pre-
washed chelex-100 resin for 24 hours prior to use to remove divalent cations from the buffer. Fluozin-3 
was excited at 494 nm and emission was observed at 517 nm. These graphs were used to calculate IC50 
values for M3M4 and Zn2+ in the presence of 1 µM Fluozin-3. M3M4 –Zn2+ values were calculated using 
the following equation (De Leon-Rodriguez, 2012): 
 
3 Results 
 
  M3M4 is an intrinsically disordered domain of hZIP4 that is stabilized by glycerol – 
The first step of this project involved optimizing conditions to purify and stabilize the M3M4 domain of 
hZIP4. Figure 2 shows an SDS-PAGE and Western blot analysis of M3M4 purification by Streptavidin-
tactin affinity chromatography. In the gel, the domain migrates at 15 kDa and is shown to be 
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approximately 95 percent pure. In contrast to the results from the SDS-PAGE, the molecular weight of 
the M3M4 domain is 11.3 kDa (Tompa, 2002). This difference in molecular weight can be accounted for 
by the intrinsically disordered nature of M3M4 (Tompa, 2002). Intrinsically disordered proteins migrate 
in an SDS-PAGE gel at 1.2-1.8 times their molecular weight due to a weaker hydrophobic interaction 
with SDS (Tompa, 2002). 
 
Figure 2- M3M4 Purification Analysis (A) SDS-PAGE and western blot (B) for M3M4 strep-tactin affinity 
purification lane 1- marker, lane 2- crude supernatant, lane 3- flow through, lanes 4-7 elution fractions  
 
 
 
Following purification, it was necessary to optimize stabilizing conditions in order to characterize M3M4. 
Dynamic Light Scattering (DLS) was used to test the effects of various co-solvents, detergents, and 
reagents on protein stabilization. The effect of non-ionic detergents on M3M4 stabilization was first 
examined (Figure 3A) above and below the critical micelle concentration. The size distribution of the 
M3M4-detergent molecules revealed variable results. In these experiments, size distribution was 
dependent on the critical micelle concentration of detergent. It was unclear whether or not M3M4 was 
aggregated because DLS data showed size distributions consistent with the formation of detergent 
micelles. When the detergents were above and below their respective critical micelle concentrations, 
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size distributions of the sample varied. The effect of zinc, sodium chloride and the reducing agent tris(2-
carboxyethyl)phosphine (TCEP) on M3M4 were tested next and were shown to not prevent M3M4 
aggregation (Figure 3B). The presence of either arginine or glycerol prevented M3M4 aggregation 
(Figure 3-Panel C and D). When arginine or glycerol is present, the size distribution of the sample 
consistently is shown to be about 1 nm by DLS. Following an analysis of these experiments, glycerol was 
chosen as the cosolvent to be used for M3M4 stabilization in the protein purification. 
 
 
 
 
 
Figure 3- Dynamic Light Scattering- Plots of % volume versus size distribution (nm) are shown for M3M4 
samples with various reagents to test for M3M4 aggregation. Panel A shows the use of detergent above 
and below their respective critical micelle concentrations. Panel B shows the use of salt, zinc, and 
reducing conditions. Panel C and D show the use of glycerol and arginine. 
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Conserved Histidine residues in M3M4 bind zinc with high affinity (nM) – 
Previous research in our laboratory suggests that M3M4 binds zinc (Nguyen, 2011). In this project, the 
role of conserved residues in zinc binding in M3M4 will be examined. In order to address which residues 
are involved, a fluorimetric approach was taken using the fluorophore fluozin-3. Purified M3M4 was pre-
treated with chelex-100 to remove free divalent transition metals. Chelex-100 treated buffer was then 
used to quantify zinc using a 2,2′:6′,2′′-terpyridine titration (Burdette, 2001). M3M4 concentration was 
quantified using a BCA assay. Protein and zinc quantification data are shown in Figure 4. The 
experimental binding affinity of fluozin-3 to zinc was determined prior to experiments with M3M4  
(Figure 5). 
 
 
Figure 4- Protein and Zinc Quantification (A) zinc quantification assay- a plot of abs (335 nm) versus 
[terpyridine] is shown and used to determine zinc concentration at saturation. (B) BCA assay standard 
curve- a plot of abs (600 nm) versus [BSA] is shown and used to determine protein concentration 
through the generation of a linear equation of best fit. 
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Figure 5- Fluozin-3 zinc binding affinity – a scatchard plot is shown above with normalized fluorescence 
on the y-axis and zinc concentration on the x-axis. The data is fit using sigma plot to determine the 
experimental Kd (12 +/- 1 nM).  
 
The binding affinity of M3M4 to zinc was determined using the fluorescence assay. The scatchard plot 
describing binding of zinc with M3M4 is shown below in Figure 6A. Raw fluorescence data is shown in 
Figure 6B. Interestingly, when M3M4 was covalently labeled with DEPC, a histidine modifier, zinc binding 
was knocked out (Figure 7). M3M4 was also covalently labeled with the glutamic and aspartic acid 
modifier DCCD and cysteine modifier maleimide in separate experiments.  A one way analysis of 
variance was performed on the binding affinity data with significance level set to 0.05. Maleimide 
labeled M3M4 binding affinity was shown to be statistically similar to wild type, while DCCD labeled 
M3M4 revealed statistically different results. These results suggest that acidic residues may play a role 
in zinc binding.  Table 2 summarizes the binding affinity data for these experiments.  
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Figure 6- M3M4 Binding affinity to Zinc- Panel A shows a scatchard plot of normalized fluorescence 
versus the logarithm of M3M4 protein concentration revealing a 23 +/- 2 nM binding affinity to zinc. 
Panel B shows raw fluorescence data for the measurement. 
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Figure 7- DEPC treatment knocks out zinc binding- 
the scatchard plot with normalized fluorescence versus the logarithm of M3M4 protein concentration 
reveals no zinc binding with nanomolar affinity 
 
As shown in Figure 7, DEPC labeling of M3M4 knocked out zinc binding in the nanomolar range. Since 
DEPC covalently modifies histidine residues, the conserved histidine residues within M3M4 became of 
interest in this study. In order to identify the specific histidine residues involved in zinc binding, single 
histidine to alanine mutant constructs were created in this laboratory by a graduate student using site-
directed mutagenesis. The binding affinity for zinc for each histidine mutant is summarized in Table 2. All 
histidine mutant binding affinities were found to be statistically different from wild type M3M4. 
Histidine mutants 438, 443, 446, and 466 showed weaker binding affinities to zinc compared to wild 
type M3M4 suggesting their role in zinc binding.  
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Table 2- Zinc Binding Affinity to M3M4 
 Kd(nM) 
M3M4 23 +/- 2 α 
M3M4-maleimide 17 +/-2 δ,α 
M3M4-DCCD 33 +/-3β 
M3M4-DEPC no binding 
H438A 45+/-1ϒ 
H441A 14+/-1δ 
H443A 42+/-4 ϒ 
H446A 43+/-1 ϒ 
H448A 13+/-1δ 
H466A 55+/1ε 
Test-statistics 
F 56.546 
p <0.001 
 
Note. Different Greek letters indicate statistical significance at p <0.05 
 
Following fluorescence experiments that examined zinc binding to histidine residues, our laboratory 
investigated structural changes in M3M4 after zinc binding. Circular dichroism (CD) spectra were 
collected for M3M4 by a post-doctoral fellow in our laboratory to confirm whether or not a 
conformational change in M3M4 occurs when zinc is present. Figure 8 shows the CD spectra of M3M4 in 
the absence and presence of zinc. As shown below, the intensity in the absorbance at 200 nm changes 
when zinc is present, suggesting that zinc binding alters the conformation of M3M4. 
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Figure 8- Circular Dichroism Spectroscopy in the absence and presence of zinc- a graph of molar 
ellipticity(deg-cm2/dmol)versus wavelength (nm) is shown in the graph above in the presence and 
absence of zinc. A difference in the intensity at 200 nm can be noted.  
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4 Discussion 
 
Intrinsically disordered proteins play a key role in intracellular signal transduction and function as 
scavengers for ligands (Tompa, 2002). It is thought that these proteins, which possess no high order 
structure, are key players in important regulatory events inside of the cell (Tompa, 2002). As shown in 
Figure 2, the M3M4 domain possesses a property that is characteristic of intrinsically disordered 
proteins. M3M4 migrates at 1.3 times its molecular weight in an SDS-PAGE gel (Tompa, 2002). 
Additionally, fluorescence experiments done in this project verify that M3M4 binds zinc through 
conserved histidine residues 438, 443, 446, and 466. It is likely that the M3M4 domain of hZIP4 is an 
intrinsically disordered domain that functions as a zinc sensor.  
Figure 8 shows Circular Dichroism (CD) spectroscopy which examines the changes in random coil 
structure in the absence and presence of zinc. When zinc is present in the sample, the intensity of the 
peak at 200 nm decreases suggesting that as zinc binds to M3M4, the random coil structure of the 
protein changes. As a zinc sensor, M3M4 plays a key regulatory event inside of the cell to maintain zinc 
homeostasis. On a molecular level, the change in random coil structure of M3M4 may expose lysine 
residues that are targets of ubiquitination (Mao, 2007).  
In a previous study by Mao et al., the presence of high intracellular zinc induced endocytosis and 
subsequent polyubiquitination of the M3M4 domain as the intracellular zinc concentration increased 
(Mao, 2007). M3M4 was shown to first be internalized into the cell through endocytosis and then in the 
presence of a tenfold higher zinc concentration, polyubiquitinated (Mao, 2007). As a zinc sensor within 
the hZIP4 protein, M3M4 detects intracellular zinc. As zinc binds to M3M4, a conformational change 
occurs which exposes the lysine residues that are necessary for polyubiquitination. The concomitant 
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degradation of the protein is an essential regulatory event that prevents the further import of zinc into 
the cell.  
The data collected in this laboratory from CD spectra, fluorescence experiments, and SDS-PAGE support 
the hypothesis that M3M4 undergoes a conformational change upon zinc binding. DEPC labeling 
experiments and histidine mutant fluorescence experiments suggest that histidine residues 438, 446, 
and 466 play a role in zinc binding. As a zinc sensor, M3M4 regulates zinc homeostasis by undergoing a 
conformational change upon zinc binding and exposing itself for degradation through an ubiquitin 
dependent pathway (Mao, 2007). Future research in this laboratory should aim to explore the role of 
conserved histidine, cysteine, and acidic residues within the transmembrane domains and N-terminus of 
hZIP4 to further elucidate the mechanism of zinc import. 
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